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Abstract The controllable synthesis and characteriza-
tion of novel thermally stable silver-based particles are
described. The experimental approach involves the de-
sign of thermally stable nanostructures by the deposition
of an interfacial thick, active titania layer between the
primary substrate (SiO, particles) and the metal nanopar-
ticles (Ag NPs), as well as the doping of Ag nanoparticles
with an organic molecule (Congo Red, CR). The nano-
structured particles were composed of a 330-nm silica
core capped by a granular titania layer (10 to 13 nm in
thickness), along with monodisperse 5 to 30 nm CR-Ag
NPs deposited on top. The titania-coated support (SiO,/
TiO, particles) was shown to be chemically and thermally
stable and promoted the nucleation and anchoring of CR-
Ag NPs, which prevented the sintering of CR-Ag NPs
when the structure was exposed to high temperatures.
The thermal stability of the silver composites was exam-
ined by scanning electron microscopy (SEM) and high-
resolution transmission electron microscopy (HRTEM).
Larger than 10 nm CR-Ag NPs were thermally stable up
to 300 °C. Such temperature was high enough to desta-
bilize the CR-Ag NPs due to the melting point of the CR.
On the other hand, smaller than 10 nm Ag NPs were
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stable at temperatures up to 500 °C because of the strong
metal-metal oxide binding energy. Energy dispersion X-
ray spectroscopy (EDS) was carried out to qualitatively
analyze the chemical stability of the structure at different
temperatures which confirmed the stability of the struc-
ture and the existence of silver NPs at temperatures up to
500 °C.
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Introduction

The development of nanoscale particles continues to
receive tremendous interest from both academic and
industrial circles. Fields involving biosensors (Andrade
et al. 2010; Wang et al. 2012; Pham et al. 2017), optical
devices (Lee et al. 2006; Ye et al. 2015), catalysts (Shter
et al. 2007; Maldonado et al. 2010; Zhou et al. 2011;
Aouat et al. 2013; Dong et al. 2015), and integrated
circuits (Su et al. 2016), among others, have shown
improvements to the practical applications by using
noble metal nanoparticles (NPs) with tunable structures
and properties. The main interest in metal NPs is on their
distinct physical, chemical, and biological properties
compared with their isolated molecules and bulk coun-
terparts (Luo et al. 2008; Cao et al. 2010; Abou El-Nour
et al. 2010; Volkman et al. 2011; Su et al. 2016). Metal
nanoparticles have demonstrated enhanced reactivity
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and selectivity in different chemical processes because
of the abundant fraction of atoms on their surface which
behave as catalytic active centers. Silver nanoparticle-
based catalysts have proven high catalytic activity and
selectivity for producing numerous organic compounds,
such as formaldehyde, ethylene oxides, epoxides, and
aldehydes (Shter et al. 2007; Abou El-Nour et al. 2010;
Cao et al. 2010; Maldonado et al. 2010; Chen et al.
2011; Aouat et al. 2013; Dong et al. 2015; Zhang et al.
2015). However, direct large-scale industrial use of sil-
ver NPs has been drastically hampered by their lack of
thermal and chemical stability (Yan et al. 2005; Luo
et al. 2008; Cao et al. 2010). It is well documented that
temperature is one of the principal parameters that affect
the performance of these materials (Luo et al. 2008;
Safaei and Attarian Shandiz 2009; Cao et al. 2010;
Volkman et al. 2011) as the exposure of metal NPs to
significantly high temperatures leads to the dissociation,
diffusion, aggregation, and coalescence of their surface
atoms or entire particles (Moon et al. 2005; Volkman
et al. 2011; Aouat et al. 2013; Hansen et al. 2014).
Particle growth is the direct outcome of such processes.

The metal NP growth or sintering takes place via 2
operational mechanisms, namely, atomic migration or
Ostwald ripening (OR) and particle migration and coa-
lescence (PMC). Ostwald ripening involves the detach-
ment of metal atoms, followed by their migration (driv-
en by differences in free energies) and final attachment
to larger particles. Particle migration and coalescence
occur via diffusion of entire particles along the support
surface, followed by collision and coalescence when
particles approach one another (Moulijn et al. 2001;
Volkman et al. 2011; Fang and Wang 2013; Hansen
et al. 2014). Recent studies have shown that sintering
can be examined by the direct observation of particle
morphologies, sizes, and polycrystallinity (Volkman
etal. 2011). Sintering takes place at temperatures greater
than 500 °C for conventional microparticles, but for
metal NPs, it can occur at much lower temperatures
such as 150 °C (Moon et al. 2005). This abrupt drop
in temperature is attributed to the large surface area to
volume ratio of the NPs which can alter their thermo-
dynamic properties (Luo et al. 2008; Safaei and Attarian
Shandiz 2009; Ahmed et al. 2010; Cao et al. 2010;
Verma et al. 2014; Argyle and Bartholomew 2015;
Kopangkhotso et al. 2015).

Smart combinations of different nanostructured ma-
terials with specific structures have been developed to
efficiently stabilize nanomaterials. Such complex
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nanostructures have shown multiple functionalities for
a variety of applications which are difficult to achieve
with single-component particles (Wang et al. 2012). Yet,
to minimize sintering effects, metal NPs have been
deposited on different supports (Yan et al. 2005;
Maldonado et al. 2010; Zhang et al. 2015), doped with
polymers (Shter et al. 2007; Yosef and Avnir 2011;
Aouatetal. 2013; Dai etal. 2018), coated with thermally
stable materials (Hanprasopwattana et al. 1996;
Henglein and Giersig 1999; Lee et al. 2006; Ye et al.
2015), alloyed with other metals (Pham et al. 2017), and
integrated with mesoporous structures (Alford et al.
2003). Cao et al. (2010) compiled the approaches that
have been explored to prevent the sintering of metal NPs
and categorized them in three groups as follows: (1)
modification of the metal-support interface through the
construction of interfacial structures, (2) modification of
the metal nanoparticle’s elemental composition, and (3)
modification of the support via proper nanostructuring.

In this study, we describe the preparation, characteri-
zation, and thermal stability of SiO,/TiO,/CR-Ag multi-
layered nanostructures. Our general methodology com-
bines all three previously mentioned stabilization ap-
proaches. The proposed structure has a core support
consisting of silica particles (SiO,) coated by a thick layer
of titanium dioxide (TiO,) creating surface defects. Such
thermally stable defects have proven to be active nucle-
ation sites (Hanprasopwattana et al. 1996; Wallace et al.
2005; Yan et al. 2005) which allow for subsequent depo-
sition and dispersion of silver NPs. We then dope silver
metal ions with Congo Red (CR) organic molecules
(Shter et al. 2007; Yosef and Avnir 2011; Aouat et al.
2013) and deposit them on the TiO, layer. Both TiO,
surface defects and CR doping have been previously
shown to change the thermodynamic and catalytic prop-
erties of silver NPs separately (Yan et al. 2005; Aouat
et al. 2013; Dong et al. 2015). The interactions between
the support (TiO, layer in our case) and the active metal
nanoparticles are not entirely understood, but it is known
that the nature of the support changes the catalytic activity
and the stability of metal NPs (Yan et al. 2005; Cao et al.
2010; Zhang et al. 2015). On the other hand, CR is
abundant in functional groups which can effectively in-
crease the specific area of the doped metal NPs and
therefore their absorption capacity and catalytic applica-
tions; also CR is inexpensive and easily available (Shter
et al. 2007; Aouat et al. 2013; Dai et al. 2018).

Our paper demonstrates that the combination of both
methodologies results in thermally stable silver-based
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structures that are capable of tolerating temperatures as
high as 500 °C. It is highly desirable to explore the
feasibility of our design to other metal nanoparticles
(Pt, Ru, Cu, Au) that have proved high catalytic activity
and poor thermal stability. In this study, we have directly
followed the CR-Ag NP morphology, size, and crystal-
linity using a battery of techniques including scanning
electron microscopy (SEM), transmission electron mi-
croscopy (TEM), UV-Vis spectroscopy, and elemental
mapping (EDS). This operational investigation could be
helpful for the design of thermally and chemically stable
heterogeneous catalysts.

Experimental details
Materials

The following substances were used in this study:
tetracthylorthosilicate (TEOS, 99%), ammonium hy-
droxide (NH4OH), A.C.S. grade ethanol, titanium (IV)
butoxide (TBOT), silver nitrate (AgNO3), Congo Red
(C3,H,,NgNay04S,), trisodium citrate (Na3;CgHs0-),
and sodium hypophosphite (NaPO,H,). All chemicals
employed for the synthesis work were as-received
(Sigma-Aldrich) as no further purifications were
made. Milli-Q purified water was utilized for all aque-
ous solutions.

Synthesis of SiO, particles

In general, we followed an approach similar to those
described elsewhere (Stober et al. 1968; Costa et al.
2003). In our case, the following methodology was
utilized to synthesize silica particles having an average
nominal diameter of 330 nm by the sol-gel process. A
15 v/v% TEOS solution in ethanol was prepared and
kept under stirring. In parallel, a mixture of 21 v/v% DI
water, 12 v/v% ammonium hydroxide, and ethanol was
prepared and stirred for 1 min; then, the second solu-
tion was poured into the first one (14:11, vol.) under
constant stirring for 2 h. The final dispersion was
rinsed three times with DI water by centrifugation-
ultrasonic dispersion. Warm DI water (50 °C) was used
to eliminate any organic residues. Lastly, the particles
were dispersed in 5 to 10 mL of ethanol, dried over-
night at 80 °C, and stored for later use.

Deposition of TiO, layer—SiO,/TiO, particles

Examples of depositing TiO, coatings can be found
elsewhere (Hanprasopwattana et al. 1996; Ye et al.
2015; Chen et al. 2016). In our case, we used 0.6 g of
SiO, particles and dispersed them in 100 mL of
ethanol followed by sonication for 30 min. After
sonication, 150 mL of 2.6 v/v% TBOT solution in
ethanol was added dropwise to the above solution
and sonicated for 15 min. Then, 100 mL of DI water
was added under vigorous stirring. The refluxed re-
action occurred at 80 °C for 90 min. The resulting
Si0,/TiO, particles were purified by centrifugation,
redispersed in ethanol, dried overnight at 80 °C, and
calcinated at 650 °C in N, for 4 h.

Synthesis of CR-Ag nanoparticles—SiO,/TiO,/CR-Ag
nanostructures

Members of the Avnir research group (Shter et al. 2007,
Yosef and Avnir 2011; Aouat et al. 2013) have intro-
duced a method for the entrapment of organic molecules
in a metallic silver matrix. Such new family of hybrid
materials has proven to possess superior catalytic activ-
ity (Yosef and Avnir 2011), the practicality of which
motivated us to adopt parts of their method to synthesize
a new thermally stable composite. In our current ap-
proach, the synthesis and stabilization of metal silver
ions (Ag") were achieved by the reduction of AgNO;
with two reducing and stabilizing agents, namely sodi-
um citrate (Henglein and Giersig 1999) and sodium
hypophosphite (Yosef and Avnir 2011). We first dis-
persed 0.02 g of SiO,/TiO, particles in 15 mL of water
by sonication. In parallel, two solutions were prepared (a
2.35 mM AgNO; solution and a 0.17 mM of Congo
Red) and stirred for 5 min each. The two solutions were
mixed (75 and 10 mL, respectively) to form a third one
which was sonicated for 30 min. Then, the SiO,/TiO,
aqueous suspension was added to the third solution and
incubated under vigorous stirring for 2 h at room tem-
perature. Following this step, 0.015 g of sodium citrate
and 0.022 g of sodium hypophosphite were added to the
suspension. The final pH-neutral solution was stirred for
110 min at 80 °C. The precipitate was washed three
times with water by centrifugation-ultrasonic dispersion
until the supernatant became clear. Finally, the precipi-
tate was redispersed in 5 mL of EtOH and dried at
100 °C overnight. For the sake of consistency, a large
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batch of SiO,/TiO,/CR-Ag particles was prepared and
used for all the experiments and analyses in our study.

Analysis and material characterization

SEM was carried out on a Hitachi S-4800 HR field
emission SEM equipped with energy-dispersive X-ray
microanalysis. TEM analysis was carried out on a Hitachi
HF-5000 equipped with a probe aberration corrector for
high-resolution (78 pm) scanning TEM (STEM) imag-
ing; an Oxford Instruments large solid angle (2.0 sr)
energy-dispersive X-ray spectrometer for chemical map-
ping, and a Gatan GIF Quantum ER EELS spectrometer
(with dual EELS capability) for atomic-scale chemical
spectroscopy and imaging. TEM image detectors include
bright-field STEM, annular (both medium and high an-
gle) dark field, and secondary electron. For SEM and
TEM analysis, a few micrograms of the resulting powder
were dispersed in water by ultrasonication and drop-
casted on commercially available copper grids (SEM)
and lacey carbon-coated copper grids (TEM). UV-
visible absorption spectroscopy measurements were per-
formed on a ThermoScientific Genesys 10S UV-Vis sys-
tem. The thermal treatment was carried out in argon, at a
flow rate of 150 SCCM, in an automated hot-wall, quartz-
lined annealing furnace equipped with three thermocou-
ples which ensured minimal (i.e. <1 °C) variation in
temperature. All annealing processes lasted for 1 h at
the specified temperature with ramp up and ramp down
rates both at 5 °C/min.

Results and discussion
Multilayered SiO,/TiO,/CR-Ag nanostructures

SEM images of pure SiO, particles show spherical
structures with smooth surfaces and free of organic
residues. Additionally, there was no observable neck-
ing between adjacent particles (Fig. la, b). Also, as
shown in Fig. l¢, the SiO, spheres have a wide range
of sizes with a nominal average diameter of 330 nm.
We had originally believed that the wide SiO, parti-
cle size distribution might affect the subsequent de-
position of a uniform TiO, film; however, for the
most part, we can see in Fig. 2a, b that the TiO, layer
turned out to be reasonably regular in thickness
(approx. 10 to 13 nm) with no apparent agglomera-
tion of the core SiO, particles. The sequential
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hydrolysis reactions allowed the TiO, deposition on
the SiO, surface with no need of an “additional”
ligand molecule. Figure 2b also shows the presence
of a secondary phase of titania in the form of
branched segments protruding away from the silica
particles. The calcination step after TiO, deposition
is crucial in forming a granular TiO, film on the
surface of the silica spheres (Fig. 2a). Such superfi-
cial features are advantageous due to their inherently
large density of dangling bonds, which is determined
by the roughness and curvature of the surface
allowing greater CR-Ag deposition. During the cal-
cination process, temperature promotes the loss of
OH groups and the subsequent crystallization of
TiO; by the rearrangement of the Ti-O network (Yu
et al. 2003; Ye et al. 2015). For comparison, Fig. 2¢
shows silica spheres coated with TiO, before the
subsequent calcination step; an amorphous TiO, lay-
er coating the surface of the SiO, spheres can be
observed. The calcination process was carried out at
650 °C to ensure the thermal stability of the TiO, film
during the thermal treatment (200 to 500 °C) since
any rearrange in the atomic structure of the TiO,
layer can trigger the sintering of the CR-Ag NPs
deposited on its surface.

The Avnir research group (Shter et al. 2007; Yosef
and Avnir 2011; Aouat et al. 2013) has demonstrated
the entrapment of the organic molecule, Congo Red,
within metals, where monodisperse CR-Ag clusters
have been accomplished by adjusting the pH and the
reaction time of their proposed synthesis methods. In
our study, the reaction time was reduced to 110 min
without any pH adjustment. Figure 3 shows SEM
images of the multilayered structures after CR-Ag
deposition (SiO,/TiO,/CR-Ag nanostructures). The
action of the two reducing-stabilizing agents avoided
the agglomeration of CR-Ag NPs during their nucle-
ation and growth resulting in a well-distributed CR-
Ag NPs deposited on the TiO, surface. Figure 3a
shows fully coated SiO,/TiO, spheres by CR-Ag
NPs, with no visible signs of the underlying TiO,
layer. We should also note the wide size distribution
of the CR-Ag NPs (approx. 5 to 30 nm) which turned
out to be advantageous because we could closely
monitor the effect of temperature on NPs with differ-
ent diameters. Figure 3b shows that there is no ag-
glomeration between SiO,/TiO,/CR-Ag particles and
confirms the presence of CR-Ag NPs evenly coating
all the surfaces including the titania second phase.
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Fig. 1 SiO, spheres: a SEM 200 nm and b SEM 50 nm. ¢ Particle size distribution

Fig. 2 SiO,/TiO; structures. a
SE, crystalline TiO,

layer—650 °C calcination; b
bright field, formation of TiO,
second phase; and ¢ SEM, SiO,/
TiO, structures before calcination
step
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Fig. 3 SEM SiO,/TiO,/CR-Ag composites. a Wide size distribu-
tion of CR-Ag clusters. b Highly dispersed SiO,/TiO,/CR-Ag
structures

Thermal stability of SiO,/TiO,/CR-Ag nanostructures

Drying, performed overnight at 100 °C, was the final step
in preparing the SiO,/TiO,/CR-Ag particles. In our study,
dried SiO,/TiO,/CR-Ag nanostructures, without subse-
quent annealing, were considered as the control sample
against which all other structures were compared. Mor-
phology, crystallinity, and size of the CR-Ag NPs were
monitored after annealing at 200, 300, and 500 °C.
First, the effects of temperature on the multilayered
Si0,/TiO,/CR-Ag particles were analyzed by UV-Vis.
The corresponding UV-Vis spectra of the SiO,/TiO,/CR-
Ag composites before and after thermal treatment, as well
as before and after CR-Ag deposition, are shown in Fig. 4.
SiO, spheres (a) show no characteristic peaks in the UV-
Vis spectra because SiO, particles do not absorb photons
in the visible portion of the spectrum. On the other hand,
Si0,/TiO, structures (b) generate an intense absorption
peak around 330 to 370 nm which corresponds to the
excitation of electrons from the valence to the conduction
band of TiO,. For the SiO,/TiO,/CR-Ag particles with
no heating (c), two broad absorption peaks can be seen:
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one is centered at approx. 300 and the other at approx.
418 nm. This stems from strong scattering caused by
different silver species. The broad absorption band at
418 nm is the characteristic absorbance of metallic silver
NPs with wide-ranging diameters. The presence of the
absorption band at 300 nm can be attributed to small
ionic CR-Ag clusters which, on average, have an absorp-
tion band 0f 280 to 330 nm (Chen et al. 2011; Al-Thabaiti
et al. 2016). At an exposure temperature of 200 °C (d),
the position of the absorption peaks remains the same
indicating that the size distribution of silver NPs has not
changed. However, the intensity increases which could
indicate the aggregation of the ionic CR-Ag clusters. For
the SiO,/TiO,/CR-Ag particles exposed to 300 °C (e),
the band corresponding to silver metal species (at
418 nm) is slightly shifted to the left (i.e., a blue shift).
For metal nanoparticles, the oscillation wavelength de-
pends on several factors such as particle size and shape,
and the nature of the surrounding medium among others.
In this case, the observed changes in the absorbance
curve can be related to size effects because of the applied
temperature. The sample annealed at 500 °C (f) exhibits a
wide peak which could suggest the low abundance, and
the polydispersity, of silver crystals. The peak at 300 nm
fades out indicating the disappearance of the ionic
species.

Next, TEM and high-resolution transmission electron
microscopy (HRTEM) imaging were carried out to in-
vestigate the morphology and the particle size distribu-
tion of silver NPs at different annealing temperatures. It
must be noted that the secondary electron (SE) detector
is able to produce a representative 2D image of the arca
being examined. Coupled with this, the HRTEM allows
for direct imaging of the atomic planes in the structure.
As such, both detectors were used to investigate the
thermal stability of Ag NPs. Qualitative EDS was also
performed to display the presence and the spatial distri-
bution of Ag species in each sample. To ensure that the
whole structure was thermally stable, elemental Si, Ti,
0, and C were also scanned for at all temperatures.

The SE image, alongside the HRTEM image and the
elemental mapping (EDS) of SiO,/TiO,/CR-Ag struc-
tures with no annealing treatment, is shown in Fig. 5.
Even though CR-Ag NPs have a wide range of sizes (4 to
30 nm) and there exist a wide variety of morphologies,
Fig. 5a shows that CR-Ag NPs are homogeneously dis-
tributed on the irregular TiO, surface. In Fig. 5b, a stack-
ing fault twin boundary (as a light gray band just to the
right of the white arrow) can be observed which suggests
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Fig. 4 UV-Vis spectra for a SiO, 18
spheres, b SiO,/TiO, structures,
Si0,/Ti0,/CR-Ag nanostructures
at ¢ 100 °C, d 200 °C, e 300 °C, 15
and f 500 °C
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the coexistence of two crystalline structures with arbitrary Ag exhibits a cubic crystal structure with an FCC unit
orientations which likely grew together. In its bulk form, cell. However, the existence of hexagonal 4H-Ag phase

Fig.5 SiO,/TiO,/CR-Ag nanostructures without heat treatment obtained via a SE and b HRTEM. EDS mapping for ¢ Ag, d Si, e Ti, and fO
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has been demonstrated for silver nanostructures
(Chakraborty et al. 2011). The sample under study shows
interplanar distance characteristics of hexagonal 4H-Ag
crystal arrangements. To obtain the d-spacing, fast Fourier
transformation of electron diffraction was utilized to gen-
erate the FFT diffractogram pattern (inset in Fig. 5b).
Accordingly, interplanar distances of 2.58 and 2.44 A
corresponding to (100) and (101) Miller indices were
measured for SiO,/TiO,/CR-Ag nanostructures that were
not annealed. EDS mapping (Fig. 5¢) corroborated the
presence of well-distributed Ag metal species along the
scanned particle. From the EDS spectra, we have con-
firmed the presence of oxygen species overlapping the
areas occupied by Si and Ti which corroborates the chem-
ical composition of SiO, and TiO, supports (Fig. Sd—f).
After SiO,/TiO,/CR-Ag particles were exposed to
200 °C, no changes were observed in the size of the
CR-Ag NPs (Fig. 6a). However, a closer look at the
sample allowed us to appreciate many Ag NPs ranging
in size from 4 to 10 nm that were decorating the TiO,
layer and the surface of larger silver crystals. The

200 nm

presence of such small particles on the surface of larger
ones may have been due to the aggregation of ionic Ag
clusters into fine particles at the higher temperature.
Such discrete Ag NPs would have had high enough
surface free energies to migrate and coalesce with the
larger ones and become stable. On the other hand, Avnir
and coworkers (Shter et al. 2007; Yosef and Avnir 2011;
Aouat et al. 2013) have suggested that such small par-
ticles were due to the leakage of CR triggered by the
high energy of the electron beam heating the Ag crys-
tals. In Fig. 6b, fringes in the silver crystal can be seen.
At 200 °C, the interplanar spacing is reduced to 2.36 A
which suggests a Miller index of (110) on the hexagonal
4H-Ag phase. EDS mapping shows the presence of a
well-defined coating of silver NPs over the entire sur-
face of SiO,/TiO, structures at 200 °C (Fig. 6¢). No
temperature-related changes are observed regarding the
elemental distribution of Si, Ti, and O (Fig. 6d—f).

The sample annealed at 300 °C shows larger Ag
clusters (approx. 50 to 65 nm) as well as smaller ones
with diameters below 10 nm (Fig. 7a). The increased

Fig. 6 SiO,/TiO,/CR-Ag nanostructures treated at 200 °C obtained via a SE and b HRTEM. EDS mapping for ¢ Ag, d Si, e Ti, and f O
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diameter suggests that the applied temperature has likely
degraded CR (which was occupying the interstitial sites)
thereby disrupting the stability of the CR-Ag nanoparti-
cles and promoting their sintering. Such increase in
diameter of the CR-Ag NPs corroborates the blue shift
shown and explained previously by UV-Vis spectrome-
try. The CR-Ag NPs that were deposited on the surface
of the second phase of titania sintered at temperatures
lower than 300 °C resulting in large (> 100 nm) silver
agglomerates observed next to the SiO,/TiO,/CR-Ag
composites. The measured d-spacing was 2.48 and
2.17 A which suggested the predominant hexagonal
(4H) crystal structure for Ag (inset of Fig. 7b) with
corresponding Miller indices of (101) and (1-112).
EDS for the sample annealed at 300 °C (Fig. 7c) shows
well-defined and dispersed Ag crystals over the SiO,/
TiO, surface. Elemental mapping of Si, Ti, Ag, and O
(Fig. 8d—f) shows Ag NPs that are free of oxygen (see
circled areas and red arrows) suggesting that the com-
posite at 300 °C is chemically stable.

Finally, the SiO,/TiO,/CR-Ag structures exposed to
500 °C show Ag particles with diameters that fall in the
range of 50 to 120 nm resulting from the agglomeration
of'silver NPs (Fig. 8a). We can also see an apparent TiO,
layer that is almost free of silver particles. Here, only a
few silver nanocrystals ranging in size from 5 to 15 nm
can be seen. However, at a higher magnification (Fig.
8b), dispersed silver NPs ranging in size from 1 to 5 nm
are observed on the TiO, defects. Such small NPs seem
to have resisted the higher temperature indicating the
presence of a strong metal-metal oxide interaction. Part
of the structure shown in Fig. 8a is free of TiO, and Ag
NPs on its surface. The explanation here is that Ag NPs
were not deposited on the bare SiO, surface because
TiO, was preferred over the SiO, surface for nucleation.
The literature also indicates that Ag NPs supported on
Si0, surfaces sinter at temperatures that are much lower
than 500 °C (Chen et al. 2011). The d-lattice spacing for
this sample estimated to be 2.81 A, which indicates a
Miller index of (200). EDS analyses confirmed that the

e

Fig.7 SiO,/TiO,/CR-Ag nanostructures treated at 300 °C obtained via a SE and b HRTEM. EDS mapping for ¢ Ag, d Ti, e O, and f Si, Ti,

and Ag
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7 e

Fig. 8 SiO,/TiO,/CR-Ag nanostructures treated at 500 °C obtained via a SE and b HRTEM. EDS mapping for ¢ Ag, d Si, e Ti and O, and

Ti and Ag, inset SE of Ag NP embedded in the titania layer

large particles atop the SiO,/TiO, structure were metal-
lic silver (Fig. 8c). The scattering of silver on the entire
surface of Si0,/TiO, particles corroborated the exis-
tence of silver NPs deposited on TiO,. SiO, particles
kept continued to remain stable (Fig. 8d). Same was true
for elemental oxygen which occupied the same areas
covered by Si and Ti (Fig. 8e). However, in this sample,
the large silver particle (enclosed in the rectangle) is
embedded in the titania layer (Fig. 8e, f). The growth
of the silver crystals affected the stability of the TiO,
layer, demonstrating strong interactions between the
metal NPs and the metal oxide layer. Ag NPs were
anchored to TiO, film during nucleation and growth;
therefore, when Ag NPs grew, the TiO, layer became
unstable, moving along silver nanoparticle as it kept
growing (inset of Fig. 8f).

Crystal growth can occur by different mechanisms.
‘We have described earlier the two most commonly cited
ones in the literature, namely PMC and OR. It is difficult
to determine which one of the two mechanisms is dom-
inant when it comes to sintering of NPs, particularly for
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the presence of crystal fringes on the sample without
thermal treatment. But based on our observations, PMC
process is responsible for the Ag crystal growth. Silver
grains in the range of 1 to 5 nm were noted on the
surface of large silver particles at all temperatures. This
is the effect of the continuous particle migration which
allowed us to detect small silver nanoparticle coalescing
in the structure of larger ones. We do not attribute such
phenomenon to the leaking of CR because, in our anal-
ysis, we have always focused the e-beam for a consid-
erable amount of time atop single silver NPs to obtain
high-resolution images, and in doing so, we have not
observed the formation of any new bumps (Fig. 9).
According to our findings, 300 °C is the maximum
temperature that CR-Ag nanoparticles with diameters
larger than 10 nm can resist. Higher temperatures cause
CR degradation along with the rearrangement of Ag
crystal structure. This destabilization incites the migration
of silver species to a more stable structure (i.e., larger
crystals). As we have seen, crystallites with diameters
smaller than 10 nm were detected in all samples including
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Fig. 9 SiO,/TiO,/CR-Ag nanostructures treated at 300 °C. Pres-
ence of small Ag grains on the surface of the larger ones

the one annealed at 500 °C. This is due to the structured
TiO, layer which is inhibiting the surface migration by
the strong metal to metal oxide interaction. Such binding
energy is higher than the surface free energy of Ag NPs
which would otherwise destabilize them.

Conclusions

Methodologies capable of producing thermally sta-
ble silver NPs are necessary for future practical
applications. In this study, we described how to
synthesize novel hybrid structures with thermally
stable Ag NPs. The resulting SiO,/TiO,/CR-Ag
structures are likely to have numerous applications
in the fabrication of biosensors, optical devices,
catalysts, and integrated circuits due to the presence
of chemically selective and thermally stable mate-
rials all within one compact structure. The modifi-
cation of the SiO, surface by the construction of the
granular titania interfacial layer combined with the
active organic-metal nanoparticles deposition gener-
ated composites with unique properties, making our
experimental design attractive and easily extendable
to other metals.

Sintering behavior of CR-Ag NPs was investigated.
CR-Ag NPs with larger diameters (10 to 30 nm) showed

thermal stability at temperatures as high as 300 °C. Pure
metallic Ag NPs with smaller diameters (I to 5 nm)
were observed at temperatures as high as 500 °C with no
CR in their structure due to the low melting point of CR.
Consequently, two synthesis pathways can be selected
depending on the final application of the SiO,/TiO,/CR-
Ag structures. If the chemical and physical properties of
the CR-Ag particles is required, then the synthesis path
should be identical to the one described in here. On the
other hand, if one wishes to solely exploit the action of
thermally stable Ag NPs, then the synthesis path needs
to exclude the addition of CR since, without CR, the
successful deposition and distribution of Ag NPs relies
only on the action of the two stabilizing-reducing
agents.

TEM, HRTEM, and SEM data showed the random
morphologies and sizes of the CR-Ag as well as well-
defined titania coatings at all temperatures. Coalescence
of the CR-Ag NPs during the heat treatment was ob-
served. TEM allowed us to identify the potential
sintering mechanism (PMC) of the CR-Ag NPs by
direct observation of NP coalescing. Close examination
of the data shows that PMC sintering process started at
temperatures lower than 200 °C when the presence of
small particles on the surface of the larger ones was
noted. We suggested a slow increase of grain size con-
sidering that the temperature was ramped up. The pre-
dominant crystal structure was the hexagonal 4H-Ag
phase for all the particles analyzed. This was likely a
direct outcome of the PMC crystal growth mechanism
since particle coalescence facilitated the formation of
other crystalline structures that were uncommon in bulk
form. EDS analysis showed how the dispersion and
relative concentration of silver NPs deposited on the
surface of TiO, changed as a function of annealing
temperature, and furthermore, it validated the stability
of the Si0,/TiO, support.
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